Background: The objective of this study was to evaluate the efficacy of the cleaning and bacterial killing ability of a new non-enzyme-based formulation (killing detergent solution [KDS]) compared with commercially available enzymatic detergents that included Metrizyme (Metrex Research Division of Sybron Canada Ltd. Morrisburg, Ontario) and Gzyme (Germiphene Corp, Brantford, Ontario). KDS is a hydrogen peroxide-based detergent formulation that combines cleaning efficacy with the ability to kill microorganisms. The KDS formulation helps ensure the protection of the health care worker from infectious risk during the soaking and cleaning stages of medical device reprocessing and reduces the bioburden on devices before sterilization/disinfection. Methods: Test organisms that included Enterococcus faecalis, Salmonella choleraesuis, Staphylococcus aureus, and Pseudomonas aeruginosa were suspended in artificial test soil (ATS-B; patent submitted), inoculated at 10 6 colonyforming units per carrier and dried overnight before detergent exposure. The ATS-B mimics the blood, protein, carbohydrate, and endotoxin levels of patient-used medical devices. Plastic lumen carriers and a flexible colonoscope were used for surface and simulated-use testing, respectively.
(CDC/FDA Public Health Advisory at; www.fda.gov/ cdrh/safety/endoreprocess.html). Currently, enzymatic detergents are widely recommended for the cleaning of medical devices 1, [3] [4] [5] 7 because they help remove proteins, lipids, and carbohydrate, depending on the formulation of the detergent. These detergent formulations may contain various combinations of protease (degrades protein), lipase (degrades lipid), and amylase (degrades carbohydrate). The presence of these enzymes contributes to the proteinaceous nature of the enzymatic detergent. Adequate removal of these proteins after cleaning requires thorough rinsing, otherwise they will contribute to the protein buildup that could occur on a medical device. In addition, many of the enzymatic detergents used for the reprocessing of medical devices require a minimum contact time/temperature to enable them to adequately remove patient soil. Some of the enzymatic detergents available and the manufacturer's minimum contact time are given in Table 1 . None of these enzymatic detergents used for
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Reprocessing of patient-used medical devices requires thorough manual cleaning. [1] [2] [3] [4] [5] [6] [7] The thoroughness of the manual cleaning of narrow lumened or difficult to clean devices (eg, hinges, corrugated surfaces) is particularly critical as residual patient-material may interfere with the efficacy of sterilants/disinfectants
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reprocessing medical devices claim to be effective at killing microorganisms.
Protection of the health care worker (HCW) is a growing concern in the medical field. [5] [6] [7] Exposure of HCWs to chemical hazards and biologic hazards is becoming increasingly recognized, and many of the current guidelines that relate to medical device reprocessing have focused on the need to ensure HCW safety during reprocessing. Although unrecognized facial contamination of surgeons with blood during orthopedic procedures has been reported, 15 there are few data on the infectious risk to HCWs when medical devices are being cleaned. Guidelines often recommend immersion of medical devices during cleaning to reduce the risk of aerosolization 1, 2, 5 and recommend that techniques used for cleaning should be aimed at creating as little aerosol as possible. Currently, there are no commercially available detergents that combine cleaning efficacy with microbial killing.
The aim of this study was to evaluate a newly formulated hydrogen peroxide-based cleaning detergent that combined good cleaning ability with good microbial killing ability within a short time frame (3 minutes) at room temperature. This type of detergent would not only facilitate the cleaning of medical devices, but it also would provide a greater degree of protection to HCWs. Furthermore, a cleaning agent that kills organisms would also ensure that the disinfection or sterilization stage had the lowest microbial challenge possible that would help provide a wider margin of safety in the efficacy of medical device reprocessing.
MATERIAL AND METHODS

Detergents tested
Killing detergent solution (KDS) is an aqueous solution of hydrogen peroxide of 0.5% (weight/weight) strength at the use concentration. The pH of the in-use solution is within the range of 3.5 to 4.0 and appears as a colorless, odorless liquid. For the present work, a concentrate stock (7% w/w hydrogen peroxide) solution was diluted 1:16 (8 oz/gal) with potable tap water.
The Metrizyme (Metrex Research Division of Sybron Canada Ltd, Morrisburg, Ontario, Canada) label indicates "Metrizyme is a low foaming, dual proteolytic enzyme detergent, is designed for use in endoscopy, surgery, central processing, or other areas where instruments and equipment may be soiled with organic and inorganic debris. Metrizyme is a neutral pH formulation that, when used as directed, is safe for rubber, plastic, and stainless steel." It is provided as a stock solution containing propylene glycol, 23%; nonionic surfactants, 15%; proteolytic enzymes, 12%; water and other inert ingredients, 50%. Directions for use recommend that, for manual cleaning, 1 oz of concentrate is added to 1 gallon of warm water. The minimum presoak time is 10 minutes. For this study, the detergent was diluted 1 oz in 1 gallon of warm (35°-45°C) potable tap water, and the test carriers were exposed for 10 minutes.
The Gzyme (Germiphene Corp, Brantford, Ontario, Canada) label indicates "Gyzyme is specially formulated to digest organic matter like blood, protein, carbohydrates, and lipids from endoscopes, medical, and dental instruments. Can be used as a pre-soak and in ultrasonic cleaners." The directions indicate that Gyzyme should be diluted 30 mL to 4 L of warm water and that the devices should be immersed for 2 minutes. For this study, the detergent was diluted 30 mL to 4 L of potable tap water, and the test carriers were exposed for 2 minutes.
Asepti-zyme (Huntington Lab, Ontario, Canada) was only assessed during the simulated-use stage. The label indicates that this detergent contains an enzyme that is formulated to remove and dissolve proteinaceous matter, that it has a neutral pH, that it is low foam and nonstaining, and that it leaves no residue. The label indicates that it can be used for endoscopes, fiber optics, and other medical instruments. The directions indicate that Asepti-zyme should be diluted 1 oz to 1 gallon of water for endoscopes and that instruments should be presoaked from 1 to 5 minutes. For this study, the detergent was diluted 1 oz to 1 gallon of potable tap water, and the test device was exposed for 2 minutes.
Microorganisms and test methods
The test organisms used in this project included Salmonella choleraesuis (ATCC 10708), Staphylococcus aureus (ATCC 6538), Pseudomonas aeruginosa (ATCC 15442), and Enterococcus faecalis (ATCC 29212). All organisms were passaged on tryptic soy agar and incubated aerobically at 37°C. Stock cultures were maintained frozen in skim milk at -70°C.
Test soil and inoculation methods
To provide an organic and inorganic challenge that mimics what medical devices would be exposed to in the body, an artificial test soil (ATS-B; patent submitted) was used. The composition of ATS-B is based on the worst-case levels of protein, carbohydrate, endotoxin, and hemoglobin detected from patient-used flexible endoscopes. 16 The test organisms were suspended in the ATS-B to provide a final concentration of 10 8 cfu/mL. The inoculation of the test carrier was performed by the use of a micropipette to place 10 or 50µL of the test suspension on the inner surface of the PVC test carrier. This provided an inoculum of 10 6 cfu/carrier. The test carrier consisted of a 1-cm piece of PVC tubing with an inner diameter of 3 mm. Once inoculated, the test carrier was placed in a petri dish inside a biosafety cabinet and allowed to dry overnight at room temperature (RT). These inoculated dried test carriers were then used to assess the killing efficacy of the various detergent formulations, which represents a "worst-case" challenge to the detergent.
Test method and quantitation
Lumen test carrier. The dried inoculated test carriers were exposed to the detergent when it was placed into a test tube that contained 1 mL of the detergent to be evaluated. The test carrier was exposed for the manufacturer's recommended time and temperature. Fig 1  shows the exposure, rinse, and quantitation method that was used throughout this project. Quantitation was based on the viable counts that were performed from serial dilutions of the original sample (limit of detection, 10 cfu/carrier) on the spread plate and filtration for quantitation of the original sample (limit of detection, 1 cfu/carrier). All inoculated plates were incubated aerobically at 35°C for 24 to 48 hours before the number of colonies were counted. All results are presented as the number of viable organisms per test carrier.
To assess the cleaning efficacy of the various detergents, the lumen test carrier method was used to assess The values stated represent the average of 6 replicates. *Statistical analysis with the nonparametric Kruskal-Wallis test indicated that microbial survival postexposure to Gzyme was significantly greater compared with after KDS exposure (KDS vs Gzyme, P < .01; KDS vs Metrizyme, P > .5). †Maximum temperature achieved was 37°C. The values stated represent the average of 6 replicates. *The statistical analysis with the nonparametric Kruskal-Wallis test indicated that microbial survival after exposure to Gzyme was significantly greater compared with after KDS exposure (KDS vs Gzyme, P < .01; KDS vs Metrizyme, P > .05). †Maximum temperature achieved was 41.2°C.
soil parameters before and after treatment. The inoculation and processing method was the same as described earlier.
To prevent loss of soil caused by exposure to fluid, the dried inoculum on the lumen carrier was fixed by immersing in 1% glutaraldehyde for 1 minute at RT. Preliminary evaluation indicated that mild fixation was a better method to prevent "washoff" from the carrier than either layering of the inoculum or drying the inoculum for prolonged periods or at elevated temperatures (data not shown). The final sample was assayed to determine the level of hemoglobin, carbohydrate, protein, and endotoxin. The methods for quantitation of each of these soil parameters were as described by Alfa et al. 16 Briefly, the protein and hemoglobin concentrations were determined by the Biochemistry Department at the St Boniface General Hospital with an Hitachi Autoanalyser (Hitachi, Boerhringer Mannheim, Laval, Quebec, Canada). The carbohydrate concentration was determined with the assay described by Liu et al, 17 and the endotoxin concentration was determined with the Limulus amoebocyte assay (Associates of Cape Cod Inc, Falmouth, Mass).
Statistical methods
The graphPad InStat sofware (GraphPad, Software, San Diego, Calif) was used for all statistical analysis of data. The Kruskal-Wallis test was used for nonparametric analysis of variance for microbial survival after detergent treatment.
Simulated use testing with a flexible endoscope. A nonvideo colonoscope (Olympus Inc, Lake Success, NY) was used for simulated-use testing (this scope is a dedicated research endoscope and is not used with patients). Before experimental inoculation, the clean dry scope was sampled and tested to ensure that there was no detectable residual soil in the scope channel. The ATS-B test soil that contained 10 6 cfu/mL of both test organisms was used to inoculate the suction/biopsy channel of the colonoscope. Inoculation was performed by an injection of 20 mL of the ATS-B, which contained both P aeruginosa and S aureus, into the biopsy port; the fluid was allowed to sit in the lumen for 5 minutes at RT. Excess fluid was allowed to drain from the lumen, then the inoculated colonoscope was held a further 30 minutes at RT to simulate maximum transport time. Samples were collected from the inoculated scope after no cleaning, total cleaning, and incomplete cleaning. Each scope sample consisted of 10 mL of sterile reverse osmosis water that was inoculated and collected by the flush/brush/flush method shown in Fig 2. The samples collected from the colonoscope suction/biopsy channel were evaluated for both viable organisms and soil parameters, which included hemoglobin, carbohydrate, protein, and endotoxin.
RESULTS
The KDS formulation was optimized for the reprocessing of medical devices to provide good microbial killing and good cleaning ability. Although every attempt is made to ensure that patient-material does not dry onto patient-used medical devices, time in transit is a variable factor. Efficacy of germicide killing may be reduced in the presence of dried organic material. To determine how effective KDS was compared with other commercially available detergents for the killing of bacteria that had dried in the presence of an organic/inorganic challenge, a surface carrier test was undertaken as described by Alfa et al. 16 The "worst-case" organic/inorganic challenge used in this evaluation was the artificial test soil named ATS-B that contained concentrations of protein, carbohydrate, hemoglobin, and endotoxin equivalent to those found in samples taken from patient-used flexible endoscopes that had not been cleaned. 16 The microbial inoculum was suspended in ATS-B and then dried onto the surface carrier. Preliminary studies indicated that 3 minutes was the shortest exposure time that would achieve approximately a 5 Log 10 reduction in microbial load (data not shown). To ensure that "wash-off" from fluid exposure could be separated from the microbial killing ability, all experiments included controls that consisted of quantitative testing of the recoverable bioburden after exposure of the inoculated/dried carrier to phosphatebuffered saline solution for the time and temperature equivalent to the detergent exposure conditions. Exposure of the inoculated surface carrier to KDS for 3 minutes effected approximately a 5 Log 10 kill, even in the presence of a dried organic challenge for E faecalis and S aureus (Tables 2 and 3) . None of the other detergents could achieve this level of killing. It is apparent from Tables 4 and 5 that gram-negative organisms, such as P aeruginosa and S choleraesuis, had recoverable bioburdens that were 2 to 5 Log 10 lower than achieved for E faecalis and S aureus, which are gram-positive organisms (Tables 2 and 3 ). Because the recoverable bioburden counts were lowest for P aeruginosa, further studies were performed to determine whether this was due to death from the overnight drying or an inability to sur- vive the brief sonication/mixing step used to release organisms from the carrier. Drying resulted in a 3 Log 10 loss in viability, but the level of sonication used in this protocol did not affect viability of P aeruginosa. These data suggest that the loss of viable organisms was due to a combination of death from drying and the wash-off effect caused by fluid exposure.
In addition to having good killing ability, the KDS formulation was compared with the other detergents to determine the efficacy of removal for hemoglobin, protein, carbohydrate, and endotoxin, which are components of the ATS-B test soil. Initial evaluation indicated that a 50 µL inoculum and brief fixation for 1 minute with 0.5% glutaraldehyde was needed to ensure the detection of the various soil parameters after fluid exposure. The comparison of the relative efficacy of KDS to the other detergents tested is given in Table 6 . Despite using 50 µL and glutaraldehyde prefixation to ensure the soil would resist being washed off when exposed to fluid, the recoverable soil levels on the PVC test carriers for hemoglobin, protein, carbohydrate, and endotoxin were too low and variable to provide reliable analysis.
To further evaluate the relative cleaning and microbial killing efficacy of KDS to other detergents, we undertook simulated-use testing. In this set of experi- PBS, Phosphate-buffered saline solution.
All values represent the average of 5 replicates, except for carbohydrate and endotoxin, which were single tests. *Each carrier was inoculated with ATS-B containing S aureus at 7.2 × 10 6 cfu/carrier and P aeruginosa at 8.9 × 10 6 cfu/carrier. †Limits of detection (LD) for soil parameters: hemoglobin; 10 g/mL; protein, 10 g/mL; carbohydrate, 5 g/mL; endotoxin, 0.03 EU/mL. ‡Maximum temperature achieved was 47°C at the start of the experiment. Statistical analysis could not be performed, because many of the postexposure values were too low. ments, a nonvideo colonoscope (Olympus, Inc) was soiled with 20 mL of ATS-B that contained 10 6 cfu/mL of both S aureus and P aeruginosa. Initial testing compared KDS with an enzymatic detergent used in our center for reprocessing flexible endoscopes. The ability of KDS to remove protein, hemoglobin, carbohydrate, and endotoxin with a standard total cleaning protocol (Box 1), which included immersion, brushing, and adequate rinsing, is shown in Table 7 . KDS was as effective as Asepti-zyme (Huntington Lab, Bramalea, Ontario, Canada) at removing the various soil parameters with the use of a complete cleaning protocol. Because one of the biggest concerns in the reprocessing of devices is that suboptimal cleaning will be done, we also evaluated KDS compared with other detergents to determine the soil removal capability and microbial killing ability under suboptimal cleaning conditions (Box 1). This approach also resulted in a higher soil challenge compared with the levels of soil on the PVC test carriers, therefore it allowed easier differentiation of differences between various detergents and the fluid effect alone. Table 8 and Figs 3 and 4 summarize the data from these experiments and demonstrate that not only was KDS as effective or more effective at removing protein, blood, carbohydrate, and endotoxin under these conditions, but it was also significantly better at killing the microorganisms that were tested. Not only does this show that, in the presence of a high organic/inorganic challenge, KDS is effective but that it also demonstrates efficacy despite suboptimal cleaning.
DISCUSSION
Hydrogen peroxide acts as an oxidant whose hydroxyl free radicals kill a wide range of microorganisms by attacking essential cell components, which include lipids, proteins, and DNA. 18 This compound does have sporocidal activity at high concentrations and prolonged contact times and is widely used as a biocide. [3] [4] [5] 18 The value of stabilized hydrogen peroxide as an environmentally friendly cleaning agent has been reported, 4, 19 although it can be corrosive to aluminum, copper, brass, or zinc. 4 Our data indicate that the new LD, Limits of detection. The endoscope soiling protocol is provided in "Material and Methods." *Sample values for endotoxin were normalized against sterile distilled water that were used for the sample collection, which had a maximum of 50 EU/mL (ie, all test sample values had 50 EU/mL subtracted from them to account for the maximum background endotoxin levels in the water samples used to collect the scope samples). All testing was done at RT after 4 minutes of exposure to the detergent (4 minutes was the minimum time required to complete the total clean protocol). LD, Limits of detection. The suboptimal cleaning protocol is given in "Material and Methods." *Sample values for endotoxin were normalized against sterile distilled water that was used for the sample collection, which had a maximum of 50 EU/mL (ie, all test sample values had 50 EU/mL subtracted from them to account for the maximum background endotoxin levels in the water samples used to collect the scope samples). All testing was done at RT, except for Metrizyme for which the start temperature was 45°C and the temperature at the end of the exposure time was 41°C.
KDS formulation of hydrogen peroxide that was evaluated combined a 5 Log 10 killing ability with effective cleaning within a realistic exposure time, which makes it an ideal detergent for the reprocessing of medical devices.
The surface carrier analysis and simulated-use data indicated that KDS at 3 minutes of exposure time at RT was as effective a cleaning detergent as Metrizyme or Gzyme at their manufacturer's recommended exposure time (10 minutes and 3 minutes, respectively). The soil parameters assessed during the cleaning evaluation included protein, hemoglobin, carbohydrate, and lipopolysaccharide (endotoxin). The ATS-B test soil used in this evaluation has been formulated to provide a protein, hemoglobin, carbohydrate, and endotoxin challenge that is similar to what might be expected if a medical device were exposed to the human respiratory or gastrointestinal tract. 16 Furthermore, despite the presence of the dried organic/inorganic soil challenge, KDS was significantly more effective at killing microorganisms including E faecalis and S aureus when compared with Gzyme. Although KDS was also more effective at reducing the microbial load compared with Metrizyme, it did not reach statistical significance. One area of concern might be that organisms capable of producing catalase might be expected to be more resistant to a disinfectant that contains hydrogen peroxide. However, our data indicate that even though S aureus produces catalase, it is still reliably killed by KDS as shown in Fig 3. Because the gram-negative organisms were killed from the drying process and washed off more readily, it was not possible to perform statistical analysis on the postdetergent data for the surface carriers. The organic/inorganic challenge and the overnight drying conditions used in this study are even more harsh than those reported by Sattar et al 20 or Rochon and Sullivan 19 in their evaluations of stabilized hydrogen peroxide. Despite these harsh challenge conditions, KDS effectively killed the organisms tested and facilitated the removal of soil.
Unlike the other detergents tested in this study, KDS has the capacity to kill microorganisms and to clean patient soil from medical devices. This suggests that it would be an optimal detergent to ensure protection of HCWs, and at the same time to provide excellent cleaning. The need to ensure adequate protection of HCWs during the reprocessing of medical devices has recently been widely emphasized.
1,4-7 Indeed, personal protective equipment (including gowns, gloves, and face shields) is recommended to reduce the risk of HCW Box 1. Explanations of the total clean and suboptimal clean methods used in this study Total clean method:
1. A small endoscope cleaning brush dipped in detergent was used to brush the distal cap, suction, air/water, and biopsy ports. 2. A gauze dipped in detergent was used to clean the control head, then the umbilical cord, and finally the insertion tube of the colonoscope. 3. The all-channel irrigator was attached to the scope and used to flush 100 mL of water through all of the channels. 4. The scope was submerged into 8 L of detergent, and the all-channel irrigator was used to flush 100 mL of detergent through the scope. 5. While the scope was submerged, the endoscope channel cleaning brush was passed through the suction and biopsy to distal ends 2 times each, then the all-channel irrigator was used to flush 100 mL of detergent through all of the channels. In practice, 4 minutes was the minimum time needed to perform all the brushing/flushing. For those detergents that require a longer exposure time, the scope was allowed to soak before being brushed so that the total exposure time met the minimum manufacturer's recommendations. 6. The scope was removed from the detergent solution, and an all-channel irrigator was used to flush out any remaining fluid. 7. The scope was then submerged in 8 L of tap water. 8. While the scope was submerged in water, an all-channel irrigator was used to flush 100 mL of water through it. 9. The umbilical end of the scope was attached to the inline vacuum with the suction connector, and approximately 1 L of water was drawn though the scope. 10. The scope was removed from the basin of water, and excess fluid was removed from the channels of the scope by the inline vacuum. 11. The suction/biopsy channel was sampled with the use of the flush/brush/flush method (Fig 2) . Suboptimal clean method:
1. A syringe was used to flush 10 mL of water through the biopsy/suction channel. 2. The scope was submerged in 8 L of either water or detergent. While the scope was submerged, an all-channel irrigator was used to flush 20 mL of fluid through the scope. 3. The scope was removed from the fluid, and excess fluid was expelled with the use of the all-channel irrigator. 4. The scope was submerged in 8 L of tap water, and an all-channel irrigator was used to flush the scope with 60 mL of water. 5. The scope was removed from the fluid and the excess fluid was allowed to drain. 6. The biopsy/suction channel was sampled with the use of the flush/brush/flush method (Fig 2) . 7. The exposure time was set for 3 minutes at RT or the minimum manufacturer's recommended exposure time/temperature. contamination during medical device reprocessing. Having a cleaning agent that also provides microbial killing provides an added margin of safety against accidental HCW contamination. Furthermore, the killing characteristics of this cleaning agent would ensure a minimal bioburden remaining after the cleaning process and should facilitate the subsequent disinfection/sterilization stage for the medical device being reprocessed. In our evaluations, we tested killing ability against 10 6 cfu/carrier for surface evaluation or 10 8 cfu/mL for the inoculation of an endoscope lumen. The reported bioburden found on surgical instruments after being used with a patient but before being cleaned was often less than 1000 cfu/device; this level remained constant despite cleaning, although the type of contaminating organisms that were detected often changed from patient-derived to water-derived. [21] [22] [23] Narrow-lumened endoscopes have higher levels of organisms, reaching as high as 10 9 cfu/lumen 16, 24, 25 ; cleaning could reduce these levels by 3 to 4 Log 10 . 16, 24 Previous reports have indicated that stabilized hydrogen peroxide has low toxicity, low corrosiveness, and good killing ability against vegetative bacteria, mycobacteria, fungi, and viruses. 19, 20 The data from our current study indicate that KDS, which is a new stabilized formulation of hydrogen peroxide, has the ability to effectively kill gram-positive and gram-negative bacteria, even in the presence of a dried organic/inorganic challenge at microbial levels that are similar to those found in patient-used endoscopes. The cleaning efficacy of KDS for medical devices may be enhanced in actual use, since manual cleaning always incorporates brushing to remove soil, whereas our test carrier and suboptimal endoscope cleaning protocols did not include brushing. Although material compatibility was not the purpose of our study, there were no observed adverse effects to the colonoscope material components during the limited course of our studies.
The quantitative hard surface carrier protocol used in this evaluation does meet the testing requirements of the Canadian National Standard, 26 except that PVC test carriers were used instead of penicylinders. Plastics are commonly used in medical devices and, as such, would be more representative of the surfaces that medical device cleaning agents would be exposed to compared with the ceramic material of penicylinders. To address the issues associated with wash-off, quantitative data for both the inoculum and the recoverable bioburden have been provided, in addition to quantitation of residual viable organisms after detergent exposure. This allows the determination of the fluid effect and the ability to differentiate the killing effect from the cleaning properties of the solutions being evaluated. In addition, the endoscope testing performed as a part of this evaluation provides simulated-use testing data that meets the "worst-case" testing parameters as outlined by the draft document for washers and washer-disinfectors 27 and high-level disinfectants. 28 In summary, we have reported data to indicate that the new KDS formulation has both effective microbial killing and soil cleaning ability. This type of detergent formulation would provide greater protection to HCWs from the infectious risk caused by aerosols during medical device reprocessing and would reduce the microbial load to which the subsequently used sterilant/high-level disinfectant would be subjected. The addition of microbial killing provides an increased margin of safety not currently found in other detergent formulations. These data support the value of performing in-use testing on this detergent formulation.
